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We have investigated negative-parity uudds pentaquarks by employing a quark model with the
meson exchange and the effective gluon exchange as qq and qq interactions. The system of five quarks
is dynamically solved; the qq and qq correlations are taken into account in the wave function. The
masses of the pentaquarks are found to be reasonably low. It is found that the lowest-mass state is
TJP=0 1
2
−
and the next lowest one is 0 3
2
−
. The former is reported to have a large width. We argue
the observed narrow peak corresponds to the latter state. It is still necessary to introduce an extra
attraction to reduce the mass further by 140 – 280 MeV to reproduce the observed Θ+ mass. Since
their level splitting is less than 80 MeV, the lower level will not become a bound state below the
NK threshold even after such an attraction is introduced. It is also found that the relative distance
of two quarks with the attractive interaction is found to be by about 1.2 – 1.3 times closer than
that of the repulsive one. The two-body correlation seems important in the pentaquark systems.
PACS numbers: 14.20.-c, 12.39.Mk, 12.39.Jh
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I. INTRODUCTION
Since the experimental discovery of the baryon res-
onance with strangeness +1, Θ(1540)+ [1], many at-
tempts have been performed to describe the peak
theoretically[2]. To describe this resonance by using a
quark model, one needs at least five quarks, uudds, which
is called a pentaquark. After one year of straggle, it grad-
ually has become clear that a quark model has difficulties
to explain some of the features of this peak. Namely, (1)
the observed mass is rather low, (2) the observed width
is very narrow, and (3) there is only one peak is found,
especially no T=1 peak nearby. In order to reproduce the
observed mass, about 100 MeV above the KN threshold,
it is preferred to assign the (0s)5 state with the most
attractive channel, TJP=0 12
−
. It has been pointed out,
however, that width of this state would be about 1 GeV
[3], which is far from the observed narrow width, 0.90
MeV [4]. The possibility that the pentaquark with 0 32
−
as
well as 0 12
+
may be seen as a low-lying peak was pointed
out by several works [2, 3, 5]. In this work, we would like
to show that the pentaquark with 0 32
−
is a promising can-
didate for the observed peak by performing a dynamical
calculation of the five-quark system with the realistic qq
and qq interactions.
We employ two kinds of parameter sets for the hamil-
tonian: the one is with the one-boson exchange (OBE)
as the qq interaction, the other is with the one-gluon ex-
change (OGE) as well as OBE. We find that the absolute
value of the mass is low after a reasonable assumption
for the zero-point energy is introduced, though it is still
necessary to introduce an extra attraction to reproduce
the data. We also find that both of the two parameter
sets predict that the mass of the 0 12
−
state is lower than
that of the 0 32
−
state. Their difference, however, is less
than 80 MeV. Thus, the 0 32
−
state can be assigned to
the observed peak without forming the 0 12
−
bound state
below NK threshold even after the extra attraction is
introduced.
II. MODEL
We have employed a valence quark model. The hamil-
tonian is taken as:
Hq =
∑
i
√
m2i + p
2
i + v0
+
∑
i<j
(
VOGEij + VOBEij + Vconf ij
)
. (1)
The two-body potential term consists of the one-gluon-
exchange potential, VOGE[6], the one-boson-exchange po-
tential, which consists of the PS and σ-meson exchange,
VOBE = VPS + Vσ, and the confinement potential, Vconf ,
which are defined as:
2VOGEij = (λi · λj)
αs
4
{(
1
rij
−
e−Λgrij
rij
)
−
(
pi
2m2i
+
pi
2m2j
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2pi
3mimj
(σi · σj)
)
Λ2g
4pi
e−Λgrij
rij
}
, (2)
VPSij =
1
3
g2
4pi
m2m
4mimj
(f i · f j)(σi · σj)
{
e−mmrij
rij
−
(
Λm
mm
)2
e−Λmrij
rij
}
, (3)
Vσ ij = −
g28
4pi
{
e−mmrij
rij
−
e−Λmrij
rij
}
, (4)
Vconf ij =


−(λi · λj) aconf rij (qq and q
3 systems)
4
3
aconf rij (q
4q systems)
. (5)
In VOGE, αs is the strength of OGE, and Λg is the form
factor introduced because quarks cannot be considered
as point-like particles in this picture. In VPS, g is the
quark-meson coupling constant: g = g8 for pi, K, and η
and g = g0 for η
′ meson. From the asymptotic potential
shape, g8 can be obtained from the observed nucleon-pion
coupling constant, gpiNN[7, 8, 9, 10]. f and σ are the
flavor U(3) generators and Pauli spin operators, respec-
tively. The term proportional to (Λm/mm)
2 is originally
the δ-function term; the form factor for the meson ex-
change, Λm, is also introduced. Λm is assumed to depend
on the meson mass mm as: Λm = Λ0+κ mm [7, 8, 9, 10].
We have employed two kinds of parameter sets: the set
with VOBE but not VOGE (chiral model, Rpi in the follow-
ing) and the set with VOGE and VOBE (Rgpi) as shown in
Table I. For reference, we also employ the parameter set
given by the Graz group [7].
As for the confinement potential for pentaquarks, we
replace the factor (λi · λj) by its average value as shown
in eq. (5). This modified potential gives the same value
as that given by the original confinement for the orbital
(0s)5 state. This replacement enables us to remove all the
scattering states and to investigate only tightly bound
states, which will appear as narrow peaks. It is based
on the idea of the flux tube model; there the configura-
tions where gluonic flux tubes bind all the five quarks
can be distinguished from those of a baryon with a me-
son. After the coupling of the scattering states with an
original confinement potential, some of the states we find
will melt away into the continuum [11]. Later we discuss
which states disappear by comparing the masses of the
pentaquarks and the baryon-meson states.
We take the zero-point energy, v0, as:
v0 =


V ′0 qq systems
3V0 q
3 systems
6V0 q
4q systems
. (6)
The zero-point energy of the pentaquark is taken to be
twice as large as that of the q3 systems. It is motivated
by the result of lattice QCD calculation, which indicates
that the qq-s-qq type gluon configuration is favored for a
pentaquark [12, 13]; namely, two Y-shapes which are con-
nected by the s quark gives the lowest energy. The value
of the zero-point energy itself, however, is not uniquely
determined in this kind of empirical models. Our main
concern here is the level splitting of the states, though we
believe the above assumption is not very far from reality.
The wave function we employ is written as:
ψTSL(ξA, ξB,η,R) =
∑
i,j,n,m,α,α′,λ
cαα
′λ
ijnm Aq4
× φq2(α, ξA;ui) φq2(α
′, ξB;uj) ψ(λ,η; vn)
∣∣∣
TSL
× χs(R;wm) (7)
where Aq4 is the antisymmetrization operator over the
four ud-quarks, and ξA, ξB, η and R are the coordinates
defined as:
ξA = r1 − r2 and ξB = r3 − r4 (8)
η = (r1 + r2 − r3 − r4)/2 (9)
R = (r1 + r2 + r3 + r4)/4− rs (10)
φq2(α, ξ;u) is the wave function for a qq pair with the
size parameter u:
φq2(α, ξ;u) = ϕα exp
[
−
ξ2
4u2
]
(11)
3TABLE I: Parameter sets. Each parameter set is denoted by Rpi, or Rgpi.
Model Kin qq int. mu ms αs Λg g
2
8/4pi (g0/g8)
2 Λ0 κ mσ aconf V0 V
′
0−2V0
ID [MeV] [MeV] [fm−1] [fm−1] [MeV] [MeV/fm] [MeV] [MeV]
Rpi† SR pi σ η 313 530 0 - 0.69 0 1.81 0.92 675 170 −378.3 −51.7
Rgpi SR OGE pi σ η η′ 340 560 0.35 3 0.69 1 1.81 0.92 675 172.4 −381.7 −22.4
Graz‡ SR pi η η′ 340 500 0 - 0.67 1.34 2.87 0.81 - 172.4 −416 −39.3
† [10], ‡[7] with new V ′0 .
where the quantum number α stands for one of the four
relative S-wave quark pairs: (TS)C = (00)3, (01)6,
(10)6, and (11)3. The relative wave function between
two quark pairs, ψ(λ,η; v), and the wave function be-
tween the four-quark cluster and the s quark, χs(R;w),
are taken as:
ψ(λ,η; v) = exp
[
−
η2
2v2
]
(12)
χs(R;w) = exp
[
−
2R2
5w2
]
. (13)
The gaussian expansions are taken as geometrical se-
ries: ui+1/ui=vn+1/vn=2 and wm+1/wm=1.87. We take
6 points for u (0.035 – 1.12fm), 4 points for v (0.1 –
0.8fm), and 3 points for w (0.2 – 0.7fm). Since we use a
variational method, the obtained masses are the upper-
limit. They, however, converge rapidly; the mass may
reduce more, but probably only by several MeV.
III. MASS SPECTRUM
The masses of qq, q3, and q4q systems are shown in
Table II. N, Σ, and ∆ masses of Rpi and Graz parameter
sets were given in refs. [7, 10].
It is very difficult for a constituent quark model to de-
scribe the Goldstone bosons: they need a collective mode,
which is constructed by the superposition of (qq)n. Also,
it is hard to justify the models with the kaon-exchange
interaction between quarks to describe a kaon. We do
not push the model to give the correct kaon mass. After
fitting ρ-meson mass by adjusting V ′0 in the eq. (6), we
use K∗ mass as a reference of the threshold.
Contrary to the qq systems, we have more satisfactory
results for the q3 baryons. The masses of the S-wave
ground states are well reproduced. Each parameter set
was taken so as to approximately reproduce N, ∆, and Σ
masses. Though we do not recite other baryon masses,
TABLE II: Masses of mesons, baryons, N+K∗ threshold, and
pentaquarks of the TJP state for each parameter set. All
masses are given in MeV.
N Σ ∆ K ρ K∗ NK∗ Pentaquarks
0 1
2
−
0 3
2
−
1 1
2
−
Rpi 941 1191 1261 900 776 928 1869 1730 1762 1765
Rgpi 938 1192 1231 814 776 908 1846 1603 1682 1697
Graz 937 1178 1239 890 776 888 1825 1815 1824 1835
Exp.§ 939 1193 1232 494 776 892 1831 1540
§Ref. [4]
the octet baryon masses are predicted within less than
25 MeV error in the Graz parameter set, 41 MeV in Rpi,
and 13 MeV in Rgpi parameter set. The decuplet baryon
masses are predicted within less than 14 MeV in the Graz
parameter set, 93 MeV in Rpi, and 5 MeV in Rgpi param-
eter set. The Rpi parameter set tends to overestimate the
strange baryons. The level splittings themselves are not
very far from the observed values [10].
We have solved the system of the pentaquarks using
the method described in the previous section. The masses
of the pentaquark with TJP= 0 12
−
, 0 32
−
, and 1 12
−
are
shown in the Table II.
As for the chiral quark models, it is known from the
group theoretical consideration that the (TS)=(01) and
(10) states are the lowest two among the q4 S-wave sys-
tems with the flavor-spin interaction [14, 15, 16]. Since
there is no pion-exchange between u or d and s quark, the
three states, (TS)JP= (01)12
−
, (01)32
−
, and (10)12
−
, are
essentially degenerated. In our case, Rpi and Graz pa-
rameter sets are the chiral models. The mass difference
of these three levels is 20–34 MeV in these parameter
sets.
Both of the VOGE and VOBE are included in the Rgpi
parameter set. Because of VOGE has non-vanishing spin-
spin interaction between the q4 cluster and s-quark, the
4splitting between (01)12
−
and 32
−
is much larger in Rgpi
than that of the chiral model: it is 71 MeV for the Rgpi
parameter set whereas it is 32 MeV for Rpi, or 9 MeV for
the Graz parameter set.
The absolute values of the pentaquark mass are from
1603 to 1835 MeV. Each of the states is below the NK∗
threshold except for one exception, 1 12
−
of Graz parame-
ter set. Since the assumption we made for the zero-point
energy has large ambiguity, we do not conclude that they
are the pentaquark mass. More attraction is necessary
to reproduce the observed pentaquark mass.
Let us discuss which of the above levels should be ob-
served as a peak. It is known that for the (TS)=(01)
and (10) state, there is only one spin-flavor-color config-
uration which can be combined to the orbital [4] sym-
metry [14, 15, 16]. This means that a pentaquark which
includes the above q4 states can couple to the relative
S-wave meson-baryon systems strongly.
Suppose that a peak is observed only when the level
is below the ‘S-wave threshold’, by which we mean the
mass of the meson-baryon system which can form the
concerning TJP state with relative S-wave. For example,
the S-wave threshold of the TJP=0 12
−
and 1 12
−
states
is mN +mK while that of 0
3
2
−
is mN +mK∗ . Then, the
levels of 0 12
−
and 1 12
−
disappear if they are higher than
the NK threshold while the level of 0 32
−
may be seen if
it is lower than the NK∗ threshold. Also, 1 32
−
and 2 32
−
disappear if they are higher than the ∆K threshold.
As seen in Table II, the TJP=0 12
−
and 1 12
−
states
are above the NK threshold in our present work. Thus
these two are probably not observed. On the other hand,
the mass of the 0 32
−
state is below the NK∗ threshold.
Because this level has to decay to the relative D-wave
NK system by the tensor term of the interaction, this
level may be seen as a peak. To investigate the situation
quantitatively, one needs to perform, e.g. a resonating-
group-method calculation for q4q systems [17], by which
the width of the state can be obtained. This we will
investigate elsewhere.
To assign the 0 32
−
state to the observed peak, it is
still necessary to introduce extra attraction by 140 – 280
MeV. It is reported that there are other sources which
contribute the absolute mass. For example, the instanton
induced interaction, which should be taken into account
to reproduce the η-η′ mass difference, gives a universal
TABLE III: The number of quark pairs with the quantum
number T2S2, NT2S2 , and the size of the pairs, rT2S2 , in fm.
For definition, see text.
(T2S2) qq pair
(TS)JP (00) (01) (10) (11)
Rpi (01) 1
2
−
NT2S2 1.49 1.51 0.51 2.49
rT2S2 0.53 0.70 0.68 0.62
(01) 3
2
−
NT2S2 1.49 1.51 0.51 2.49
rT2S2 0.53 0.72 0.69 0.63
N NT2S2 1.48 0.02 0.02 1.48
rT2S2 0.50 0.65 0.65 0.56
Rgpi (01) 1
2
−
NT2S2 1.49 1.51 0.51 2.49
rT2S2 0.56 0.69 0.68 0.64
(01) 3
2
−
NT2S2 1.49 1.51 0.51 2.49
rT2S2 0.57 0.73 0.71 0.66
N NT2S2 1.49 0.01 0.01 1.49
rT2S2 0.55 0.76 0.76 0.62
SU(3) (01) 1
2
−
NT2S2 1.5 1.5 0.5 2.5
(01) 3
2
−
NT2S2 1.5 1.5 0.5 2.5
N NT2S2 1.5 0 0 1.5
two-body attraction and a three-body repulsion[18].
The level splitting between the lowest two states,
TJP=0 12
−
and 0 32
−
, is less than 80 MeV. So, the low-
est state will not become a bound state as the extra
attraction is introduced so that the 0 32
−
state becomes
100 MeV above the NK threshold. Other states which
can be combined to the orbital [4] symmetry are known
to have a higher mass from the discussion based on the
group theory [16]. It is also pointed out that one of the
positive-parity pentaquarks, 0 12
+
state, may be assigned
to the observed single peak. Actually, this level can be as
low as the negative-parity state [16]. It is argued, how-
ever, that the width of this state seems still wider than
the observed one [3]. This 0 32
−
pentaquark seems more
appropriate candidate of the observed single peak.
IV. ROLES OF THE QQ CORRELATION
Except for the confinement force, all the interaction
terms are short-ranged in the quark model. Thus, when
the deformation by the quark-quark correlation is intro-
duced in the model, quark pairs where the interaction is
attractive become more tightly bound while those with
repulsion tend to stay apart from each other. Then an
5attractive pair may behave like a single particle; this is
the qq correlation which motivates the diquark models
[19, 20]. We have looked into how much the qq correla-
tion is developed in our full calculation by checking the
size of each quark pairs.
In Table III, we show the number of quark pairs with
specific quantum numbers and the size of that pairs. The
number of the pairs with the quantum number T2S2,
NT2S2 , and the size of the pairs, rT2S2 , are defined by
using the projection operator P
(T2S2)
ij as:
NT2S2 =
〈∑
i>j
P
(T2S2)
ij
〉
(14)
rT2S2 =
√√√√〈∑
i>j
P
(T2S2)
ij r
2
ij
〉/
NT2S2 . (15)
The number of quark pairs, NT2S2 , obtained by the full
calculation is not very different from that of the group
classification, as was also found in the nucleon case[9].
The contribution from each pair, however, can be differ-
ent. The size of quark pairs is large when the interaction
is repulsive while it becomes small for the attractive pairs.
The ratio is about 1.2 – 1.3. We also find that the qq
correlation in the pentaquarks have similar size to that
in the nucleon.
V. SUMMARY
We have investigated the negative-parity uudds pen-
taquarks by employing a quark model. The system for
the five quarks is dynamically solved; the effects of qq
or qq correlations on the wave function are taken into
account. The model has realistic qq and qq interactions:
the meson exchange for the chiral models, and both of
the meson and the effective gluon exchange for the other
parameter set, Rgpi.
It is found that the masses of the pentaquarks are rea-
sonably low, though it is still necessary to introduce an
extra attraction to reduce the mass further by 140 – 280
MeV to reproduce the observed Θ+ mass. The pen-
taquark of the lowest mass is found to be TJP=0 12
−
.
The next lowest is 0 32
−
; we argue the observed peak cor-
responds to the latter state because the width can be
narrow for this state. Since the level splitting of these
two states is no more than 80 MeV, the lower level will
not become a bound state below the NK threshold even
if we introduce the extra attraction so that the mass of
the upper state become as low as the observed one. The
lower level will melt into the continuum after the coupling
to the meson-baryon states is introduced.
It is also found that the size of quark pairs with the
attractive interaction is found to be by about 1.2 – 1.3
times closer than that of the repulsive one. The two-body
correlation seems important in the pentaquark systems.
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